INTRODUCTION
Coastal erosion and river discharge along the Arctic USA-Canada coastline result in the deposition of large amounts of terrestrially derived organic matter (OM terr ) into the Beaufort Sea of the Arctic Ocean (Macdonald et al. 1998 , Rachold et al. 2004 , Goñi et al. 2013 . Compared with marine production, unmodified OM terr is less labile, nutrient-poor, and reputed to be difficult for marine primary consumers to assimilate directly (Dunton et al. 2012) . Additional microbial decomposition is needed to transform OM terr into a useable food source for marine consumers (Tenore 1983 , Garneau et al. 2009 ABSTRACT: Forecasted increases in terrestrial organic matter (OM terr ) inputs to the Arctic Beaufort Sea necessitate a better understanding of the proportional contribution of this potential food source to the trophic structure of marine communities. This study investigated the relative ecological importance of OM terr across the Beaufort Sea shelf and slope by examining differences in community trophic structure concurrent with variation in terrestrial versus marine organic matter influence. Oxygen stable isotope ratios (δ 18 O) of surface water confirmed the widespread influence of Canada's Mackenzie River plume across the Beaufort Sea. Carbon stable isotope ratios (δ 13 C) of pelagic particulate organic matter (pPOM) and marine consumers indicated a significant decrease in OM terr presence and utilization by consumers with increasing distance from the Mackenzie River outflow. Food web length, based on the nitrogen stable isotope ratios (δ 15 N) of marine consumers, was greater closer to the Mackenzie River outflow both in shelf and slope locations, due to relatively higher δ 15 N values of pelagic and benthic primary consumers. Strong microbial pro cessing of OM terr in the eastern regions of the Beaufort Sea is inferred based on a trophic gap between assumed end members and lower trophic consumers. A greater proportion of relative epifaunal biomass occupying higher trophic levels suggests that OM terr as a basal food source can provide substantial energetic support for higher marine trophic levels. These findings challenge the current conception of low terrestrial matter usage in the Arctic marine food web, and indicate the need for a more specific understanding of energy transfer through the OM terr -associated microbial loop.
cally been presumed to result in inefficient energy transfer from OM terr to higher trophic levels of marine food webs (Schell 1983 , Dunton et al. 1989 , Berglund et al. 2007 ). In contrast, marine environments with tight coupling between primary production and benthic consumers are often considered indicative of high energy transfer efficiency because of the short trophic pathway from baseline food source to consumers (Dunton et al. 2005 , Iken et al. 2010 . Following this reasoning, the longer food webs resulting from the additional trophic steps involved in microbial metabolism of OM terr could be symptomatic of a poorquality food source and inefficient energy transfer (e.g. Rosenzweig 1971 , Abrams & Roth 1994 .
Nearshore lagoons and river deltas of the Beaufort Sea contain, contrary to previous assumptions, unexpectedly productive biological communities where OM terr functions as a primary food source and food webs are relatively long (Dunton et al. 2012 , OrtegaRetuerta et al. 2012 , Casper et al. 2015 . Modern food web theory proposes that food web length is not solely indicative of system productivity or trophic transfer efficiency, but is a result of many complex and interrelated system attributes, such as ecosystem size, resource availability, or vulnerability to disturbance (Post 2002a , Arim et al. 2007 ). Furthermore, terrestrially associated microbial metabolism is becoming increasingly understood as both an efficient and quality-enhancing process, functioning as a trophic connection between OM terr and marine consumers (Klein Breteler et al. 1999 , Lefébure et al. 2013 , Rontani et al. 2014 . Thus, past presumptions of OM terr as a poor food source for marine consumers based solely on food web length need re-evaluating.
The goal of this study was to examine the extent to which OM terr influences the offshore Arctic marine food webs of the Beaufort Sea, from shelf to basin. Coastal erosion is a large vector of OM terr to the marine consumers of the Alaskan Beaufort Sea (Goñi et al. 2013 ); in addition, Canada's Mackenzie River in the eastern Beaufort Sea delivers more terrestrially derived suspended particulate matter to the Arctic Ocean (summer mass export of suspended particulate matter estimated at 3 × 10 13 g m −3
, Doxaran et al. 2015) than all other Arctic rivers combined (Rachold et al. 2004) . Increasing presence and biological utilization of OM terr with proximity to the Mackenzie Delta has been inferred from stable isotope values of food sources and biota on the Beaufort shelf westward of the river (Schell et al. 1998 , Goñi et al. 2000 . Though this along-shelf gradient of OM terr influence from the Mackenzie River affects trophic structure in the nearshore Beaufort Sea (Dunton et al. 2006 (Dunton et al. , 2012 , the extent to which it is reflected in the benthic marine food webs farther offshore on the shelf and on the slope of the Arctic basin is unknown. The potential of terrigenous carbon to influence food webs on the outer Beaufort shelf and slope is high: satellite images have captured the sediment plume exiting the Mackenzie River extending more than 400 km off-shelf (Macdonald et al. 1999 ) and large fluxes of terrestrially derived carbon have been recorded in the water column over the 500 m isobath of the slope (Forest et al. 2007 ). The substantial mobility of Mackenzie-derived OM terr across the Beaufort shelf and into the Canada Basin has been explored thoroughly in sedimentary markers (Goñi et al. 2013 ), yet consideration of how this OM terr influences the biota of offshore and deep-sea communities in the Arctic Ocean has been inadequate, especially given the potential of terrestrially derived food subsidies for deep-sea consumers elsewhere (Dittmar 2004) . OM terr from high-latitude rivers enters the Arctic Ocean in 2 forms: the majority as dissolved organic matter (DOM) and the remainder as particulate organic matter (POM) (Macdonald et al. 1998 ). While our study focuses on the food web members that assimilate POM and not DOM (we therefore refer to OM terr as the particulate form in this study), it is important to realize that concentrations of terrestrialorigin dissolved organic nitrogen and phosphorus on the Beaufort shelf in front of the Mackenzie River Delta are some of the highest reported in the Arctic Ocean (Emmerton et al. 2008) , and a large percentage (30−70%) of this DOM input can be semilabile (Hansell et al. 2004 . Degradation and remineralization of riverine DOM by microbial communities in the Arctic Ocean can constitute a significant portion of bacterial and phytoplankton production (Sipler & Bronk 2015) . Recognizing the contribution that DOM can make to microbial production, the intent of this study was to identify whether OM terr could be tracked into invertebrate and fish tissues.
Tracking of organic matter provenance and energy flow in aquatic food webs is commonly accomplished using the well-vetted technique of stable isotope analysis. Carbon derived from terrestrial plant production at high latitudes is isotopically lighter (Wooller et al. 2007 ) than carbon formed from marine primary production (Naidu et al. 1993 and references therein) , so that the carbon stable isotope ratio (δ 13 C) of an organic matter sample can indicate the relative end member source composition of that sample. While OM terr often represents a complex mixture of sources, such as freshwater aquatic production, modern ter-restrial plant production, and ancient eroded peat (Con nelly et al. 2015) , the δ 13 C value of OM terr remains distinctly lower than marine production regardless of its specific composition. Marine microbial activity may alter the isotopic composition of all POM over time (Mintenbeck et al. 2007 , Robinson et al. 2012 , masking the original isotopic signature of the source end member. For the purposes of this study, terminology such as 'OM terr ' or 'marine' organic matter refers to the supposed origin or source location of the matter, regardless of the degree of microbial processing that followed. O) of surface waters can be used to trace the mixing of a freshwater source into the marine system, thereby providing an additional proxy of a potential pathway of OM terr entrained in this freshwater into the Arctic Ocean. δ
18
O values of precipitation worldwide vary predictably due to oxygen isotope fractionation during the global water cycle (Gat 1996 and references therein), imparting specific isotopic values to high latitude, river-derived freshwater. This enables the use of these isotopes to distinguish whether freshwater mixing into an Arctic marine system originated from a river or from surface sea-ice melt (Lansard et al. 2012) . In this study, δ
O values were used to track freshwater from the Mackenzie River plume in the surface waters over the Beaufort Sea shelf and slope.
High freshwater outflow from Canada's Mackenzie River between May and September brings suspended inorganic sediment (>127 Tg yr −1 ) and OM terr (> 3.4 Tg total C yr −1 ) into the eastern Beaufort Sea (Macdonald et al. 1998 , Doxaran et al. 2015 . OM terr inputs from the Mackenzie River dwarf contributions of OM terr into the Beaufort from other vectors, such as coastal erosion (~0.5 Tg C yr −1 , Rachold et al. 2000 , Ping et al. 2011 ) and the next 3 largest rivers in the Beaufort region: the Colville, Kuparuk, and Sagavanirktok rivers (combined ~0.3 Tg C yr −1 , McClelland et al. 2014) . As such, the Beaufort Sea is characterized by a distinct gradient of increasingly diluted freshwater and OM terr with horizontal distance from the Mackenzie Delta and with increasing depth across the shelf and slope (Brown et al. 2014) . The outflow of the Mackenzie River is highly seasonal, with peak outflow and OM terr export during the hard-to-sample spring melt and freshet in May/June , Raymond et al. 2007 ). Residence time of OM terr in the Beaufort Gyre may be as high as 10 yr (Hansell et al. 2004 . While sampling efforts in the ice-free season of August-September may underestimate absolute OM terr discharge into the system, slow isotopic turnover of Arctic consumer tissue on the order of months (Kaufman et al. 2008 , Weems et al. 2012 suggests that including a wide diversity of fauna will facilitate the best characterization of the OM terr signal across this region.
Trophic structure is directly affected both by variation in the quality and quantity of primary production entering the base of the food web (Søreide et al. 2006 , Bluhm & Gradinger 2008 as well as by water mass characteristics (Iken et al. 2010) . In light of the ongoing and predicted changes in the Beaufort Sea, including decreasing seasonal ice-cover (Frey et al. 2014) and an increase in coastal erosion and terrigenous carbon inputs (Lantuit et al. 2012 , Doxaran et al. 2015 , elucidating the relative importance of terrestrial-and marine-derived organic matter inputs to the marine food webs will enhance our ability to forecast some biological responses to climate changes.
The objectives of this study were, therefore, to (1) use carbon stable isotopes and C:N ratios to identify the relative distribution and biological assimilation of OM terr in invertebrate and fish consumers across the Beaufort Sea shelf and slope, and (2) use carbon and nitrogen stable isotopes to analyze variations in the trophic organization of consumers among regions of the Beaufort shelf and slope under varying OM terr influence.
MATERIALS AND METHODS

Study area
The Beaufort Sea is a seasonally ice-covered and hydrodynamically complex Arctic system, with high riverine inputs onto the shallow shelf waters in the east (Macdonald et al. 1998) , the strong influence of productive Chukchi Sea waters to the west of the Beaufort shelf (Okkonen et al. 2009 ), and deeper Arctic basin water occasionally upwelled along the steep Beaufort slope (Tremblay et al. 2011) . The Beaufort shelf is only 80 to 100 m deep at its abrupt shelf-break 80 to 120 km offshore, after which the slope can dive to 1000 m over a horizontal distance of only a few kilometers (Pickart 2004) . Over this bathy-metric relief, interacting water masses layer vertically (Lansard et al. 2012) : freshwater from rivers and sea ice-melt forms a thin surface lens (0−10 m) over the Pacific-derived polar mixed layer, which can be separated by a pycnocline at around 120 m water depth from the cold and highly nutrient-rich upper halocline layer. At around 200 m, there is a transition to warmer and more saline Atlantic-derived water, which gradually transitions into the cold Canada Basin deep water below approximately 800 m depth (Lansard et al. 2012) . Each water mass is distinct in temperature, salinity, nutrient concentration, and organic matter composition (Macdonald et al. 1989 ). Such differences have been linked to variation in food web structure in nearby systems, for example, in the shallow, nearshore Beaufort Sea (Dunton et al. 1989 (Dunton et al. , 2006 (Dunton et al. , 2012 , on the Chukchi Sea shelf (Iken et al. 2010) , and in the deep Arctic Canada Basin (Iken et al. 2005) . Upwelling events related to easterly winds advect nutrients and recycled marine production upwards to the consumers living on the Beaufort shelf (Pickart et al. 2013) , while resuspension processes and aggregation mechanisms of biogenic matter can result in a large vertical flux of organic matter from the Beaufort shelf downslope (Forest et al. 2013) .
Sampling and at-sea processing
Samples were collected in the Beaufort Sea aboard the R/V 'Norseman II'. The primary target regions were the central Beaufort Sea in 2012 and the eastern Beaufort Sea in 2013. From 21−30 September 2012, 19 stations along 3 shelf-to-slope transects were sampled between 150°W and 151°W, near the outflow of the Colville River, Alaska (Fig. 1) . From 13−31 August 2013, 47 stations were sampled along 6 shelf-slope transects between 136°W and 147°W, spanning the shelf and slope area from the western Mackenzie shelf and trough in Canada to Camden Bay, Alaska (Fig. 1) . All transects ran perpendicular to shore and contained between 4 and 9 sampling stations with target bottom depths of 20, 37, 50, 100, 200, 350, 500, 750 and 1000 m (see Table S1 in the Supplement at www. int-res.com/articles/suppl/m550p001_supp.pdf). To best characterize the terrestrial matter distribution and trophic structure in the central and eastern Beaufort Sea, transects were grouped into regions based on the distance to the Mackenzie River and its assumed relative OM terr influence (Dunton et al. 2012 ) (from east to west): Inner Mackenzie Plume (IMP), Outer Mackenzie Plume (OMP), Camden Bay (CB), and Colville Plume (CP) (Fig. 1) . The 20, 37, 50, and 100 m depth To investigate marine food web structure, representative fauna at each station were collected for isotope analysis. Dominant meso-zooplankton taxa (see Table 1 ; n = 3 replicate samples per taxon) were collected at each station from 150 µm mesh multinet and 505 µm mesh bongo net deployments. Replicate (n = 3) samples of major benthic invertebrate taxa were collected from van Veen grabs, box cores, beam trawls (4 mm mesh), and otter trawls (19 mm mesh). Collections from trawls also included demersal fish species. We preferentially collected slow turn-over and mass-dominant tissues in each phylum, specifically muscle, but where unavailable, tissue was derived from tube feet (Asteroidea), oral discs (Ophiuroidea), body wall (Polychaeta, Echiura, Actinaria), and -where insufficient mass was otherwise available -whole individuals (Amphipoda) or pooled individuals (Copepoda, Chaetognatha). When possible, the guts of the whole animals were removed as a precaution against stomach contents influencing isotope analyses, and all tissues were rinsed with filtered seawater. For logistical reasons, tissue samples were kept frozen onboard at −20°C and later dried at 60°C for 24 h onboard (invertebrates) or in the home lab (fishes). Vouchers of invertebrate taxa of uncertain identification were sent to taxonomic experts (see 'Acknowledgments') for species verification. All taxon names were standardized to the World Register of Marine Species (www.marinespecies.org).
Biomass data for epibenthic invertebrate consumers included in the food web analysis were collected concurrently at each station to quantitatively assess biomass distribution within trophic levels. Taxa were quantitatively collected from beam trawl catches, identified on board, and wet weight for each taxon was determined using digital hanging scales. Biomass estimates were calculated from area trawled (= net swath × haul distance) and normalized to 1000 m 2 . Beam trawl catches in 2012 (CP region) were deemed non-quantitative and instead we used biomass estimates collected in 2011 from nearby stations with the same method (Ravelo et al. 2015) .
Sea ice algae can be an important food source in Arctic systems (McMahon et al. 2006 , Roy et al. 2015 ; however, this study sampled during the ice-free summer period. To include a sea ice algal end member reference value in the trophic mixing models, ice POM (iPOM) was collected off the northwest coast of Barrow, AK at 71.3815°N, 156.5243°W on 8 April 2014. Bottom sections of sea ice (n = 2) were taken from ice cores, placed in ziploc bags and frozen in the field.
Lab processing and stable isotope analysis
At the University of Alaska Fairbanks (UAF), pPOM filters were fumed with HCl vapors for 24 h to remove carbonate. sPOM samples were repeatedly treated with 1N HCl to remove all carbonates (Iken et al. 2010 , Goñi et al. 2013 , rinsed until pH stabilized, and freeze-dried. Sea ice samples were thawed and centrifuged to concentrate iPOM (n = 3 replicates per ice piece), and then freeze dried. Tissue samples that contained carbonate were treated with 1N HCl as a precaution against the high variability in δ
13
C values in exoskeleton structures compared to muscle (Yokoyama et al. 2005 ). Alteration of sample δ 15 N values due to acidification treatment has been shown to occur for some species and tissues; however, in 79% of cases this change is <±1 ‰ (Schlacher & Connolly 2014) . Because lipids can be depleted in 13 C relative to protein or carbohydrate and significantly confound stable carbon isotope interpretation in animals with large lipid stores (Mintenbeck et al. 2008) , all tissue samples were repeatedly treated with 2:1 chloroform:methanol to remove lipids and re-dried. 
( 1) where R is the determined ratio of n( i Element)/n( 
Data analysis: stable isotope values
Water-mass end members were defined using published δ
18 O values of undiluted samples of these sources. Mackenzie-River-derived freshwater is characterized by a flow-averaged δ 18 O value of −19.2 ‰ (Cooper et al. 2008) . This end member represents a conservative value for river water in this region, as other freshwater contributions from smaller rivers (such as the Colville, Kuparuk, and Sagavanirktok rivers) originate from higher-latitude watersheds and thus are likely to be even more depleted in 18 O than Mackenzie-derived freshwater . Assuming near-surface (≤ 20 m) Beaufort Sea water is a mixture of sea ice melt and the polar mixed layer, the Beaufort Sea oceanwater δ 18 O value has been specified as approximately −2.3 ‰ (Lansard et al. 2012) . Trends in surface and 10 m depth water δ
18 O values across the study area were visualized in Ocean Data View v.4.5.3 (Schlitzer 2011) . For additional verification that water sample δ
18 O values were related to freshwater influence, the correlation between water sample salinity and δ
18 O values at the surface and 10 m depths was tested using Spearman's rank correlation. Predictive relationships between water δ
18 O values and longitude or log-transformed station bottom depth were tested using regression analyses (α = 0.05). Simplified mixing model calculations of percent Mackenzie River water contributions to samples were estimated by comparing δ
18 O values of water samples to the defined δ
18 O values of water source endmembers.
The measured pPOM and sPOM values in this study represent already processed material and were compared with published references for possible POM end members, which included terrestrial POM (mean ± SD: δ 2 ‰, present study). All these published end member values given here are specific to our study region with the exception of the reference value for terrestrial POM, which is not specific to plants within the Mackenzie River watershed, but instead is representative of high-latitude C 3 plants throughout the Alaskan and Canadian North Slope. Additionally, though there is high seasonality to the discharge rate of terrestrial POM from the Mackenzie River, relative concentrations of nutrients and organic matter contained in this discharge do not vary substantially throughout the year (Holmes et al. 2012 ) and, therefore, potential variance in end member isotopic character is considered insignificant in the present study. We were unable to estimate an end member to represent phytoplankton production associated with riverine freshwater, which likely would be isotopically intermediate between marine and terrestrial end members (Goñi et al. 2005) . The 3 organic matter sources listed above were used in mixing models using Stable Isotope Analysis in R (SIAR) v.4 (Parnell et al. 2010 ) to assess their contributions to the pPOM and sPOM samples from this study. While both the Mackenzie River and coastal erosion are distinct vectors of OM terr to marine consumers in the Beaufort Sea (Dunton et al. 2006 , Casper et al. 2015 , these 2 OM terr sources were isotopically indistinguishable in this study. pPOM and sPOM δ 13 C and δ 15 N values were analyzed for significant differences among longitudinal regions and between shelf or slope depthgroups using 2-way analysis of variance (ANOVA, α = 0.05), followed by Tukey's post-hoc tests for differences among groups (R 3.0.3; R Development Core Team 2014).
Given the increase in Arctic ice algal δ 13 C values over the growing season, the early-season snapshot we measured may not fully represent the δ 13 C range of ice algae present in pPOM and sPOM samples. Therefore, we applied the mixing model analysis also with a late spring-bloom situation at high ice algal concentrations (δ 13 C value of −15.5 ‰; Gradinger et al. 2009 ). This approach allowed us to evaluate how enriched ice algal δ 13 C values would alter the estimates of relative contributions of the various organic matter sources to pPOM and sPOM samples.
To investigate how station bottom depth affected pPOM and sPOM composition, the total organic carbon to total nitrogen (C:N) ratios, and δ 13 C and δ 15 N values of pPOM and sPOM samples were correlated with depth within regions. C:N ratios can be an effective proxy for terrestrial organic matter influence, as C:N ratios of terrestrial plants are typically >15, whereas phytoplankton C:N ratios range between 4 and 10 ( Macdonald et al. 2004) .
Not all taxa occurred at all stations, so to maximize food web comparisons among regions and between shelf and slope groupings, taxonomic surrogacy was tested for select species at stations where these species co-occurred, using Student's t-tests (α = 0.05). If 2 species' isotope values were statistically identical at the same station, these species were grouped at their lowest shared taxonomic level, typically the genus level.
To discern regional differences in carbon source utilization, δ 13 C values of consumers were grouped by feeding guild and analyzed for significant differences between the fixed factors region and depthgroup (shelf or slope), using a 2-way ANOVA (α = 0.05), and then tested for differences between factor groups using Tukey's post-hoc tests. Taxa were assigned to one of 6 feeding guilds: pelagic filter feeders (pFilt, n = 3 taxa), pelagic predators (pPred, n = 2), benthic sub-surface deposit feeders (SSDF, n = 3), benthic surface deposit feeders (SDF, n = 9), benthic suspension feeders (Sus, n = 6), and benthic predators or scavengers (Pred, n = 26), based on the literature (see Table 1 ). The impact of depth on trophic enrichment of δ 15 N in benthic consumers was tested with regression analysis of the relationship between benthic consumer δ 15 N value and bottom depth. The majority of taxa did not occur across all depths; thus, only some of the most widespread benthic consumers (snail Colus sabini, sea star Crossaster papposus, brittle star Ophiocten sericeum, polychaete family Polynoidae) were chosen for this analysis.
Particulate organic matter from the upper water column (pPOM) is frequently used as a trophic baseline in the analysis of Arctic marine food webs (e.g. Søreide et al. 2006 , Iken et al. 2010 . However, recent studies indicate that a depth-stratified approach to defining a baseline is critical when comparing benthic food webs over considerable water depths (Bergmann et al. 2009 , Roy et al. 2015 . Given the steep bathymetry of the Beaufort slope and the complex hydrodynamic processes of the region (Pickart 2004 , Macdonald & Yu 2006 , Hwang et al. 2008 , near-surface pPOM does not sink entirely vertically and unprocessed through the water column (Forest et al. 2013 ) to underlying benthic consumers. The limited number and lack of replicate sPOM samples prevented their use as a reliable, depth-standardized trophic baseline. Instead, the surface deposit-feeding brittle star Ophiocten sericeum, which feeds on freshly sedimented organic matter at the benthos when available (Piepenburg 2000) , was chosen as a primary consumer (PC) baseline, providing a longterm integrated signal of utilized food sources at the benthos (Vander Zanden & Rasmussen 1999 , Iken et al. 2010 .
Food web length was determined by assuming an average 3.4 ‰ increase in δ Roy et al. 2015) . The design of our study did not allow for reliable calculation of a scaled trophic enrichment factor framework, which may more accurately represent smaller isotopic fractionation steps with increasing trophic levels (Hussey et al. 2014) . The trophic enrichment factor was defined as discrete steps, such as TL 1, TL 2, TL 3, etc., while recognizing the need to conservatively interpret these absolute TL designations. In contrast to distinct TL, the individual trophic position (TP) of each consumer is a continuous variable calculated based on its isotopic distance to a chosen base reference, in this case O. sericeum at TL 2. Consumers within each region's shelf and slope food web were standardized to the respective δ Biomass data for epibenthic invertebrates from trawl hauls (Ravelo et al. [2015] for 2012 CP region, Iken & Bluhm unpubl. data for all 2013 regions) were used to estimate relative consumer biomass represented within each trophic level in each region and shelf or slope depth-group. Taxon TP was rounded to the next lowest or highest food web TL, for example such that food web TL 3 category included consumers with TP 2.5 to 3.4, and TL 1 contained all TP < 1.4. Biomass data were only available for trawled invertebrates and, therefore, only 37 of the 49 taxa included in the full food web analysis could be used for this trophic level comparison. The percentage of total epifaunal biomass represented by the biomassbased TL comparison is provided. To ensure that this subset of taxa represented an equivalent trophic structure to the full set of taxa used in the food web analyses, histograms of number of taxa binned by TL were also compared between the full taxon set and the subset, and were found to be comparable (data not shown).
RESULTS
Large-scale surface water structure
Water δ
18
O values from both surface and 10 m depth were highly correlated with salinity (R 2 = 0.95), with slight deviations likely due to isotopic fractionation during ice formation and melt (± 2−3 ‰; Macdonald et al. 1995 , Melling & Moore 1995 . Surface water δ
O values were lowest (−12.2 ‰) near the Mackenzie River outflow, indicating highest riverine freshwater content, and generally increased with distance from the Mackenzie River delta ( Fig. 2A) . Grouping all 2013 stations together, neither longitude (as measure of distance from the Mackenzie River) nor position over the Beaufort shelf and slope (approximated by station bottom depth) were significant predictors of surface water δ O value isoscape was enriched in oxygen relative to the surface and nearly homogenous (between −6 and −3 ‰) across the eastern Beaufort Sea (Fig. 2B) , with no relationship between longitude or station bottom depth at a regional level. Mixing model calculations indicated that Mackenzie River water contributions to surface water samples ranged from 16% in the CB region to 57% in the IMP, while 10 m depth water samples were comprised of 4 to 21% Mackenzie River-derived water. (Table 1 ) generally fell in-between published isotopic values of terrestrial and marine organic matter end members, though several samples were outside of the standard deviations of these end members (Fig. 3) . Averaged across the entire study area, pPOM was composed of an estimated 58 to 60% marine-origin POM and 39% terrestrial-origin POM, with only 1 to 3% contribution by ice algal POM (based on our measured April iPOM value and the published May value, both from Barrow). In comparison, sPOM samples consisted of an estimated 33 to 60% marineorigin POM, 30 to 31% terrestrial-origin POM, and between 10 to 31% ice algal POM. Due to the lack of sea ice at our sites at the time of sampling and the high seasonal variability in iPOM reference, we cautiously interpret the estimates of iPOM contributions to our samples. Additionally, because of the minimal impact of iPOM values on range estimates of terrestrial-origin POM contributions to our pPOM and sPOM samples, for the purposes of our study we have chosen to disregard the iPOM contributions in our discussion of OM terr influence.
The C:N, δ 13 C, and δ
15
N ratios of pPOM and sPOM grouped by region had no significant relationship (p > 0.05) with bottom depth (Fig. 3) , except for sPOM in the IMP region (R 2 = 0.81). δ 13 C and C:N values were not significantly correlated in either pPOM or sPOM samples. When depth was grouped categorically into shelf versus slope locations, pPOM δ 13 C values were significantly affected by both region and depthgroup (ANOVA, p < 0.05), though the interaction between the fixed factors region and depth-group was not significant. pPOM in the CP region was significantly enriched in 13 C compared with more eastern regions over both the shelf and the slope (Fig. 4) . In all regions except the IMP, mean pPOM δ 13 C values were higher on the shelf relative to the slope; however, these differences were not significant because of high within-region variation. sPOM δ 13 C values were significantly lower on the shelf versus slope in the CP and IMP regions, but were not significantly different elsewhere (Fig. 4) . sPOM δ (Table 1) grouped by feeding guild generally decreased when moving eastward from the CP to the IMP region, though the statistical significance of these trends depended on feeding guild and region (Fig. 4 ). δ 13 C values of pelagic filter feeders (pFilt) and pelagic predators (pPred) in the CP region were significantly (ANOVA, p < 0.001) higher compared with these pelagic consumers in all other regions for both shelf and slope depth-groups. Benthic predators (Pred) in both the CP and CB regions were significantly (ANOVA, p < 0.001) enriched in 13 C compared with predators on the IMP shelf and the OMP and IMP slope. Regional trends in δ
13
C values for benthic sub-surface (SSDF), surface deposit feeders (SDF), and suspension feeders (Sus) were not significant. Within-region differences between the shelf and slope did not show a consistent pattern across feeding guilds (Fig. 4) . (Fig. 5) . This overall trend of increasing δ 15 N ratios with depth was observed for the majority of benthic taxa and feeding guilds (Table 1) , but could not be statistically confirmed for less widespread taxa. There also appeared to be a trend of increased sPOM δ 15 N values with bottom depth in the IMP and OMP regions (Fig. 3) , though statistical power to verify this trend was too low due to lack of deep sediment samples and sample replicates.
Regional and depth variation in food web
Food web structure standardized to the δ 15 N value of primary consumer O. sericeum equalling TL 2 (Fig. 6 ) differed slightly among regions and between the shelf and the slope within regions. The CP region shelf food web was approximately 0.7 to 1.7 TL shorter than the food webs on the shelves of the more eastern regions. The CP slope food web was also shorter than the OMP and IMP slope regions by more than 0.5 TL. Many of the consumer taxa present within TL 1 of the CP region food webs were also present in the other regions, where they occupied higher TPs than the TL 2 represented by the primary consumer O. sericeum. Consequently, the longer food webs in the CB, OMP, and IMP regions were accompanied by an apparent trophic gap between the primary consumer O. sericeum and other consumers, excluding the cumaceans Diastylis spp. that had extremely low TP in all regions. Food web struc- 
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Lycodes adolfi tures across shelf and slope depth-groups were very similar to one another in the IMP and OMP regions. The relative distribution of epibenthic consumer biomass by trophic levels differed among regional food webs (Fig. 7) . Within each region, shelf food webs had a much higher proportion of biomass contained in TL 2 than in corresponding slope food webs, regardless of number of species represented per TL. CP region shelf and slope food webs both had a significantly higher proportion of biomass in TLs 1 and 2 than all other regions, with TLs 1 and 2 composing 94% of biomass on the CP shelf and 41% of biomass on the CP slope. In contrast, in CB, OMP, and IMP regions, consumers at TL 3 to 5 represented the majority of biomass, accounting for 70 to 79% of biomass in shelf food webs and 91 to 96% of biomass in slope food webs. Species included in biomass calculations by trophic level accounted for 54 to 88% of the total biomass at each region. Low biomass representation on the OMP and IMP shelves resulted from limited sampling of dominant taxa for stable isotopes at some stations in these locations. C values (‰) of possible food sources (particulate organic matter, POM; shaded background) and consumer feeding guilds (white background), by region and depth-group (shelf or slope). Different letters denote significantly different groupings among regions, comparing shelf (upper case letters) and slope (lower case letters) depth-groups separately. Asterisks (*) denote significant differences between shelf versus slope depth-groups within the same region. Note that the δ 13 C scale differs between panels
DISCUSSION
Freshwater and terrestrial matter distribution and utilization
Surface water δ
18
O values in the upper 5 m (Fig. 2 ) across the eastern Beaufort Sea suggested the influence of Mackenzie Plume waters westward of the Mackenzie Delta, and did not indicate substantial freshwater influence from other outflow sources in this area, such as the Sagavanirktok River near Camden Bay. The Coriolis force typically directs the Mackenzie Plume to the east of the river delta; however, the plume at the surface of an Ekman layer can react rapidly to easterly wind stress, which can drive the Mackenzie-derived waters offshore and to the west (Macdonald & Yu 2006 , Mulligan et al. 2010 . As would be expected, the freshwater signal as indicated by δ 18 O values was strongest near the immediate outflow of the river and became diluted farther offshore over the Beaufort slope. In contrast, to the west of Herschel Island, the freshwater signal was strongest offshore and weak nearshore. These trends may be explained by an easterly wind regime: easterly winds > 5 m s −1 at nearby Tukto yaktuk, Northwest Territory, Canada, were sustained for the 48 h immediately preceding our sampling in the Mackenzie region (OMP and IMP) (The Weather Underground, Inc.), which are favorable conditions for upwelling on the Beaufort shelf (Williams et al. 2006 ). Under such conditions, the associated Ekman transport of the Mackenzie surface plume would follow a northerly track offshore perpendicular to the coast (i.e. nearly parallel to IMP transects), while marine water upwelled over the shelf-break forced by isobath divergence near Herschel Island would reach the surface waters in the nearshore OMP (Macdonald & Yu 2006 , Williams et al. 2006 ). There, Herschel Island acts to divert westward-flowing Mackenzie plume surface water away from the coast, allowing a pocket of upwelled water to remain close to shore (Macdonald & Yu 2006 , Williams et al. 2006 . The relatively colder and more saline water observed at the surface in the nearshore OMP compared to nearshore surface waters of all other regions supports the presence of upwelling in this region at the time of sampling. The absence of any distinct freshwater signal in water sampled from 10 m depth indicates that, when present, freshwater was confined to a thin surface layer in the Beaufort Sea.
Contrasting with the observed gradients in Beaufort Sea surface waters associated with the Mackenzie River plume, the relative proportion of OM terr versus marine organic matter influence in pPOM samples did not differ in nearshore and offshore surface waters (Fig. 3) . Instead, over the 3 more eastern regions of our study area (CB, OMP, IMP), δ
13
C values of pPOM indicated a relatively high OM terr in fluence across both the Beaufort shelf (also found by Divine et al. 2015) and slope. This finding may indicate that OM terr initially entrained within the Mackenzie surface plume is at some point disassociated from freshwater plume by sinking out and is advected with other water masses, reaching lateral distances greater than the plume freshwater reaches, as earlier studies also suggest (Forest et al. 2007 , 2013 , Goñi et al. 2000 . In addition, our data may be evidence that other vectors of OM terr (e.g. coastal erosion, smaller rivers) contributed significantly to the proportion of OM terr present in pPOM samples at Beaufort shelf and slope stations at the time of our sampling. Considering that all surface water samples were sufficiently depleted in 18 O to suggest some degree of mixing between Mackenzie Plume freshwater and Beaufort Sea ocean water, it was not surprising that many sPOM δ The relatively low C:N values (<10 for 82% of POM samples) across the study area do not indicate strong OM terr influence and mixing, contrary to the high surface sediment C:N values characteristic of terrestrial plants found in prior studies across the eastern Beaufort Sea (Goñi et al. 2000 , Goñi et al. 2013 ). This inconsistency may be due to our comparatively laterseason sampling effort, and highlights the temporal susceptibility of organic matter composition in this region. Though isotope values and C:N ratios for the OM terr end member are likely to remain relatively consistent throughout the year (Holmes et al. 2012 ), both C:N ratios of Mackenzie River-derived OM terr and the proportion of Mackenzie River-derived OM terr versus marine production available to marine consumers change seasonally (Goñi et al. 2000 , Macdonald & Yu 2006 . Further, pPOM, sPOM, and organism tissue integrate these temporal changes on different timescales. The C:N values of POM samples in this study (Fig. 3 ) may allude to this effect: samples of transitory pPOM across the Beaufort Sea fall wholly within the marine end member range, while samples of relatively stable sPOM are higher, perhaps indicating greater OM terr influence over a longer time scale. These results indicate the necessity of a sampling methodology that captures a variety of temporal scales for sufficient consideration of marine 17 Fig. 7 . Relative biomass of consumers within each trophic level (TL) based on using a primary consumer baseline (see Fig. 6 ), by shelf and slope regions. Histogram labels indicate the number of taxa included in each bar section. Due to some mismatches between available biomass and isotope data from the same stations, these data represent a subset of all taxa included in the food web analyses. Percent of total mean biomass represented by the taxa in this figure are indicated. CP region biomass estimates were acquired from data collected during a different project in 2011 (Ravelo et al. 2015) , separate from this study's sampling effort, and could thus not be directly matched with this study's isotope samples (indicated by N/A). Regions:
CP -Colville Plume, CB -Camden Bay, OMP -Outer Mackenzie Plume, IMP -Inner Mackenzie Plume trophic dynamics in this region of complex organic matter source and flux. The regional distribution of pPOM and sPOM δ 13 C values provided a spatial perspective of relative carbon source differences along and across the shelf and slope (Fig. 4) , though the following processes make the interpretation challenging. First, estuarine phytoplankton associated with Arctic river freshwater has been hypothesized to be more depleted in 13 C than marine phytoplankton (Goñi et al. 2005) , and yet may provide a more labile food source to marine consumers than the isotopically similar but more recalcitrant land-derived OM terr . We were unable to isotopically separate inputs from freshwater algal production from marine and terrestrial end members, and thus could not specifically account for organic matter contributions from estuarine phytoplankton in this study. Second, particle-associated microbial processing of OM terr entering the Beaufort Sea from the Mackenzie River is a very important component of organic matter processing in this region (OrtegaRetuerta et al. 2012 , Rontani et al. 2014 . The microbial breakdown of OM terr can result in an increase in both δ (Macko & Estep 1984) , which consequently may become less isotopically distinct from marine production. Thus, pPOM and sPOM data should be interpreted assuming some degree of isotopic transformation accompanying microbial processing of pPOM during its transit to the bottom of the Beaufort shelf and slope (Macko & Estep 1984) as opposed to direct mixing between untransformed organic matter sources. Unfortunately, lacking precise knowledge of the 13 C and 15 N fractionation factors associated with microbial processing (Lehmann et al. 2002 and references therein) , it is difficult to estimate the degree to which this activity may disguise the influence of OM terr via isotope enrichment. Lastly, the contributions of iPOM to our pPOM and sPOM samples also may not be well approximated. The δ 13 C value ascribed to the iPOM end member was much lower than known for peak ice algal bloom conditions (see 'Materials and methods: Data analysis: stable isotope values'), resulting in a possible overestimate of iPOM contributions in the mixing models. An overestimation is likely given that no sea ice was encountered during this study's late-summer sampling efforts, and that the majority of Arctic ice-associated production is either consumed rapidly within 7 to 20 d after deposition at the seafloor (McMahon et al. 2006 , Sun et al. 2007 ), or else composes only a small fraction of the long-term pool of sediment organic matter (North et al. 2014 ).
Regardless of these mixing model limitations, significant 13 C enrichment of pPOM in the western Beaufort Sea study region indicates relatively higher marine production inputs to the western compared with the eastern study area. Pelagic consumer isotope values in the western Beaufort CP region paralleled the marine-derived pPOM δ
C values relative to pelagic taxa in all other regions, suggesting direct utilization of marine production from the water column. The higher contribution of marine production in CP region pelagic consumer tissues may derive both from local inputs as well as supplementary inputs of marine production advected into the western Beaufort Sea from the Chukchi Sea (Okkonen et al. 2009 ). Combined with an obvious (although not always significant) trend of overall 13 C enrichment from eastern to western study regions on both the shelf and the slope in all feeding guilds, these data support a transition in main food source from more of the 13 C-depleted OM terr in the east to more of the 13 Cenriched marine production in the west. Extensive literature supports this gradient of increasing OM terr across the Beaufort shelf with proximity to the Mackenzie River in nearshore benthic and shelf zooplankton communities and in sediments (e.g. Dunton et al. 1989 , Goñi et al. 2000 , corroborating the trend seen in this study in δ
C values of pPOM and consumer tissues in shelf and slope benthos.
Within the benthos, δ
C patterns of surface deposit feeders and suspension feeders mirrored regional δ 13 C patterns in pPOM but were also enriched in 13 C compared to pPOM (+ 4-5 ‰ for SDF and + 5-7 ‰ for Sus). This observed 13 C enrichment between pelagic and benthic components substantiates similar trends previously reported in the Bering Sea (Lovvorn et al. 2005 ), Chukchi Sea (McTigue et al. 2015 , and nearshore Beaufort Sea (Dunton et al. 2006 ) that have been interpreted as evidence of microbial activity in these regions. Accordingly, some degree of microbial modification of organic matter occurred in all regions of our study area, regardless of terrestrial influence. However, compared to the CP region, in the more eastern CB, OMP, and IMP regions sPOM was substantially more enriched in 13 C from pPOM, which could be accounted for by a greater degree of microbial reworking during transit to the benthos in regions of enhanced OM terr influence. These isotopic trends support findings that pelagic bacterial abundance and production in the eastern Beaufort Sea decrease away from the Mackenzie River outflow (Ortega-Retuerta et al. 2012) , and indicate the unique substrate that OM terr may provide for microbial communities in marine systems.
Trophic structure by depth and terrestrial matter influence
Shorter food webs in the western Beaufort CP region imply that trophic coupling between basal food sources and consumers was tighter in the west, where pPOM δ 13 C values also indicated marine production was present in higher proportion compared with more eastern Beaufort regions (see previous section). Farther east, a gap in the food web between the assumed TP of the organic matter food source and the measured TPs of consumers suggests recurrent isotopic fractionation caused by heightened microbial breakdown of organic matter (Fig. 6) . The only sampled taxa consistently found within this 'trophic gap' were the cumaceans Diastylis spp., categorized as surface deposit feeders but whose extremely low trophic positions in multiple food web studies suggest they may fractionate differently or feed on labile food sources not accounted for by these studies (Iken et al. 2005 , Bergmann et al. 2009 ). OM terr is largely composed of complex structural materials from vascular plants, such as cellulose and xylan, thus it can be difficult for marine primary consumers to assimilate directly as they lack the necessary digestive enzymes (Tenore 1983 and references therein). Microbial decomposition of OM terr can effectively break down these complex structures, making a higher proportion of the energy available in OM terr to then be utilized (possibly combined with the microbial colonizers) as a food source by other marine consumers (Garneau et al. 2009 ). The presence of this trophic gap in the terrestrially influenced regional food webs of this study substantiates the critical role of the microbial loop in connecting OM terr to marine consumers in the eastern Beaufort Sea (Vallières et al. 2008 , Garneau et al. 2009 , Rontani et al. 2014 . We think it is unlikely that unsampled plankton or epifauna taxa occupy this gap, as the majority of taxa that occupied the gap region (1 < TP < 2) in the food webs of the western, marine-influenced CP region also occurred farther east, but there were displaced to higher trophic positions. Our use of O. sericeum as a food web baseline at TL 2, while an unconventional basis for calculating the trophic position of pelagic consumers, effectively defines the relative trophic relationship between pelagic and benthic components of each regional food web. The pelagic and benthic taxa at TP < 2 in the CP region may represent the consumers most responsible for high pelagic−benthic coupling in productive areas by feeding on the fresh inputs of marine-origin OM. In contrast, where pelagic−benthic coupling is reduced, such as nearer to the Mackenzie River outflow, surface deposit feeders such as O. sericeum may replace those consumers as the first to incorporate the prevalent microbially modified OM terr food source.
The observed general increase in consumer δ 15 N values with increasing bottom depth may also be related to microbial processing (Mintenbeck et al. 2007 , Robinson et al. 2012 , because bacterial degradation and remineralization processes are functions of water depth, or sinking time of surface organic material (Macko & Estep 1984 , Robinson et al. 2012 . Such processes result in a marked increase in δ (Forest et al. 2013 ). Bacterial activity is positively associated with overall magnitude of vertical particle flux (Forest et al. 2013) , thereby providing a conduit of OM terr to depth as pelagic microbial processing degrades and assimilates organic matter present in the water column (Ortega-Retuerta et al. 2012 , Kellogg & Deming 2014 . These activities may also influence δ
13
C values of food sources during sinking, as evidenced by the non-significant trend of 13 C enrichment in consumers found at slope depths (> 200 m) compared to consumers on the shelf within the same feeding guild (Fig. 5) .
We consider the trend in the benthic consumers δ 15 N values with bottom depth unlikely to originate from differences in the relative proportion of OM terr being utilized as a food source at different depths. N enrichment with depth demonstrates the importance of using a depth-normalized approach to food web analysis (Roy et al. 2015) to correct for variables related to station bottom depth, and their effect on stable isotope values. In this study, the use of the δ 15 N value of the benthic primary consumer O. sericeum as a food web baseline normalized shelf and slope food web lengths, correcting for any systematic depth-related variable effects on food web length.
A similarly increasing trend with depth, as observed for δ 15 N, would also be expected for δ 13 C values of sPOM and benthic consumers if relative terrestrial versus marine endmember contributions were primarily responsible for driving depth-related trends in carbon isotope values (e.g. Dunton et al. 2006 , Casper et al. 2015 . However, δ
C data showed few significant differences between the composition of pPOM, sPOM and consumers on the shelf versus the slope. Compared to the significant differences in δ
C values of benthic consumers across regions with highly varying OM terr influence, the differences between consumer δ
C values on the shelf and slope are relatively minor and thus unlikely to be similarly driven by a change in proportional OM terr utilization. For the few regions and feeding guilds showing some depth-related enrichment in 13 C on the slope relative to the shelf, it is possible that this reflected a small but significant enrichment in 13 C with trophic level (Vander Zanden & Rasmussen 2001) , as would occur during microbial metabolism during organic matter sinking.
The similarity of shelf and slope carbon sources and food web structure close to the Mackenzie River speaks to the strong influence of OM terr in this region. Furthermore, considering the high seasonality of both particulate (Forest et al. 2015) and dissolved , Raymond et al. 2007 , Holmes et al. 2012 ) fractions of OM terr input from rivers into the Beaufort Sea, the late summer sampling dates of this study mean that our results are likely an underestimate of the potential contributions of terrestrial organic matter to marine food webs in these areas. The transport and advection of OM terr from the Mackenzie River down the Beaufort slope (Goñi et al. 2000) may be facilitated by the morphology of the Beaufort Sea's relatively narrow shelf and steep slope compared to the broad shelves of the Eurasian Arctic, frequent upwelling and resuspension processes (Forest et al. 2013) , and vertical convection of brine-enriched waters from sea ice melt (Dittmar 2004) . The equivalent lengths of shelf and slope food webs in the regions near the Mackenzie River indicate that the trophic effect of OM terr appears to be equally important on the eastern Beaufort shelf and slope regardless of water depth or the differing benthic community composition (Nephin et al. 2014 ). These findings imply that the microbial communities responsible for processing OM terr at deep locations on the Beaufort slope may have a similar function to the microbial loop of the Arctic deep-sea in terms of the reworking of any available refractory organic matter sources (Findlay et al. 2015) prior to consumption by metazoan fauna (Gontikaki et al. 2011) .
In all regions where the food web was characterized by a gap at low trophic levels, large proportions of epifaunal biomass were represented by higher trophic levels on both shelf and slope. We suggest this pattern is a consequence of these regions receiving greater amounts of terrestrial production, necessitating an additional trophic step due to microbial reworking of this energy source. Conversely, in the western Beaufort CP region, greater inputs of marine production caused shorter food webs dominated by proportionally more epifaunal biomass at lower trophic levels.
CONCLUSIONS
The interplay of high inputs of OM terr into the Beaufort Sea from Canada's Mackenzie River with advected and in situ marine primary production drives variation in marine trophic structure across the Beaufort shelf and slope. Stable isotope analyses of surface water, particulate organic matter, and pelagic and benthic consumers from locations ranging from 20 to 1000 m bottom depth revealed a strong isotopic imprint of OM terr in the eastern Beaufort Sea, which decreased westward from the Mackenzie River. Concurrent with high OM terr influence, shelf and slope food webs in the eastern Beaufort Sea were characterized by increased food web length and a greater proportion of epibenthic macro-consumer biomass at higher trophic levels compared with western Beaufort Sea food webs. We suggest that microbial processing is the underlying process explaining this pattern. Although the total primary production available to marine consumers in the highly OM terr -influenced eastern Beaufort Sea is lower than in the western regions of the Pacific Arctic (Sakshaug 2004) , microbially processed OM terr may to some extent compensate for reduced amounts of fresh algal food sources. Well-developed microbial communities specifically associated with terrestrial matter in the Beaufort Sea have high efficiency of metabolic OM terr turnover even under low temperature conditions (Vallières et al. 2008 , Garneau et al. 2009 , Ortega-Retuerta et al. 2012 , Rontani et al. 2014 . Our results, therefore, challenge the paradigm that OM terr is an unusable or a poor food source for marine consumers (e.g. Schell 1983 , Berglund et al. 2007 , and instead suggest that the unique substrate that OM terr provides for ensuing microbial activity may be essential to the formation of a relatively high-quality food source.
With warming climate, the role of OM terr and its microbial processing may increase in the Arctic in the future, given that zooplankton biomass and biological processes such as fish growth and total food web efficiency can be positively correlated with terrestrially associated microbial production when temperature is simultaneously increased (Lefébure et al. 2013 ). In addition, we suggest that terrestrially derived energetic support for Arctic marine consumers likely has increasingly significant relevance for marine communities in a time of increased river runoff and coastal erosion inputs into the Arctic Ocean (Holmes et al. 2013 , Doxaran et al. 2015 ). An adaptive microbial loop that expands its activity and production in response to increased OM terr contributions in the Beaufort Sea (as suggested by OrtegaRetuerta et al. 2012) would not only facilitate the regeneration of dissolved terrestrially derived nutrients to be utilized in marine primary production (Tank et al. 2012 ), but could also enable an efficient pathway for OM terr to function as a complementary food source for marine consumers (Lefébure et al. 2013) . Given the dynamic and synergistic effects of climate change already being observed in Arctic ecosystems (Wassmann et al. 2011) , our ability to make informed predictions of the impacts of shifting organic matter sources in the Beaufort Sea will be critical to understanding ongoing effects of anthropogenic and environmental drivers on the functioning of Arctic marine food webs. 
